The maximal architectural development of a modern maize cultivar (Zea mays L. ' Dea ') was studied in fully isolated and carefully irrigated plants. Under these favourable conditions, this (usually) non-tillering and non-prolific cultivar displayed a large amount of branching (down to the third order), including large basal tillers and prolific ear shoots. This development was analysed by combining : (1) architectural analysis, initially developed for trees ; and (2) quantitative analysis of tillering kinetics, designed for other grass species. The architectural unit of maize included a main long axis (A1) and lateral short shoots bearing a terminal spike (A2). The basal tillers (noted A1h) resulted from a complete and sylleptic reiteration. Its kinetics were consistent with tillering models, but with a particularly long delay in branch emergence (seven phyllochrons), compared to other grass species. This delay is likely to enhance regulation by leaf (or root) density in stands and explains the inhibition of branch development, as usually observed in field conditions, even at low density. Similarly, the suppression of the basal reiteration in secondary branches observed in isolated plants probably results from increased intra-tussock density. In isolated plants, androgenous axes combining A1h and A2 morphologies were also produced in intermediate positions. It is shown that they can result from a basipetal sequence of A2 differentiation reaching buds in the course of their A1h development. The consequences of these unexpected results are discussed in terms of maize development and architectural analysis of grasses.
INTRODUCTION
Recent advances in crop physiological and botanical modelling have outlined the relevance of an explicit simulation of plant architectural development to investigate the traits of agrotechnical interest in crop plants (e.g. de Reffye et al. 1988 ; Prunsinkiewicz, Lindenmayer and Hanan, 1988 ; Room, Maillette and Hanan, 1994) including maize (e.g. Fournier and Andrieu, 1998) . Numerous detailed aspects of maize development (e.g. main ears or main tassel or main stem development) and phenology have already been extensively studied over the last decades (see reviews in Ritchie, Hanway and Benson, 1993 ; Freeling and Walbot, 1994) . However, maize global architectural development, including branching and branch differentiation (Bell, 1991) , has seldom been investigated directly, probably because tillers are of little direct interest in intensive agriculture (up to now) and therefore fewer tillers are displayed by modern cultivars.
Recent interest in maize architecture has been limited to a few geneticists, working on the developmental biology (Poethig, 1988 (Poethig, , 1990 Sheridan, 1988 ; Evans and Barton, 1997) and on the origin of this species (Itlis, 1983 ; Doebley, * For correspondence at : SEPF, INRA, F-86600 Lusignan, France. Fax (33) 5 49 55 60 68, e-mail moulia!lusignan.inra.fr Stec and Hubbard, 1997) , and is consequently focused on the genetic control of morphological traits. Therefore a large part of our knowledge in maize architectural development is still met in marginal notes in seminal works dating back to the first half of the century (e.g. Montgomery, 1920 ; Sharman, 1942 ; Kiesselbach, 1949 ; Galinat, 1959) .
In the meantime, methods of ' architectural analysis ' of global plant construction and patterning during branching have been renewed under the influence of the pioneering work by Halle! , Oldeman and co-workers (see Halle! , Oldeman and Tomlison, 1978 , for an English version). Architectural analysis has been applied to numerous species, mainly trees and shrubs (see Bell, 1991 ; Room, Maillette and Hanan, 1994 ; Edelin, Moulia and Tabourel, 1996 for reviews), and has proven useful as a basis for understanding and modelling the dynamics of plant development (de Reffye et al., 1988 ; Day, Gould and Jameson, 1997) . A preliminary attempt to apply this approach to a comparison of pea and maize development was found promising (Moulia et al., 1999) , but systematic works are still missing.
During this same period, crop physiologists have independently developed a quantitative analysis for the kinetics of (1) maximal branching and (2) phenological events, in grasses (e.g. Klepper, Belford and Peterson, 1982) . These ' tillering models ' were established in environmental conditions which allow for maximal branching, and then 0305-7364\99\110645j12 $30.00\0
# 1999 Annals of Botany Company used as a reference to analyse the effects of microclimatic and nutritional conditions (e.g. Masle, 1984 ; Bos and Neuteboom, 1998) . This second approach of architectural development has not been applied to maize. These two approaches to plant architecture are obviously complementary, as spatio-temporal correlations are very significant to development (Bell, 1991) . Moreover, both of them stress the relevance of starting the developmental analysis by considering plants with maximal branch development, as a pre-requisite to investigate developmental regulations.
The basic aim of this work was therefore to gain an overall picture of the architectural development in a modern maize plant by combining both approaches. In brief, we describe the maximal architectural development in a modern maize plant, and assess whether it can be specified using the architectural and kinetic concepts developed for other species.
MATERIALS AND METHODS

Plant material
A field experiment was conducted at Grignon (France, 48m51h N, 1m58h E, 105 m height). The modern elite cultivar ' Dea ' (Pioneer Hi Bred Int.) was chosen. It is a temperateadapted, mid-early flowering, flint-dent hybrid (FAO maturity class 430, about 15 to 16 leaves on the main shoot). In its usual growing conditions it displays no tillering and no ear prolificacy (Otegui, 1996) .
The protocol of plant growth was designed to provide environmental conditions which favour branching (VarletGrancher et al., 1996) : i.e. (1) a high level of photosynthetically active radiation (PAR) available ; (2) minimal photomorphogenetic regulation through light spectrum sensing ; (3) favourable water status of the plant ; and (4) ; liberal mineral nutrition, particularly in nitrogen.
A set of 20 plants was thus grown at extremely low density : 1n20 m between each plant in a row and 3 m between each row. This very large spacing was chosen to minimize shading and photomorphogenetic signalling through horizontal reflections between plants (Ballare! et al., 1994) , and to restrict root interactions. To increase the amount of PAR available for each plant during the main period of bud genesis and to speed up the overall development, the plants were sown in mid-June (in ' Dea ', the major events associated with apical and axillary meristem organogenesis occur within approximately a month after sowing). Plants were irrigated individually and very liberally through a drip system. Previous experiments had demonstrated that the N nutrition of isolated plants in these conditions was non-limiting (Lemaire and Chartier, 1992 ; Lemaire and Chartier, pers. comm.) . The plants were kept weed free by hand and carefully protected from animals and pests. Although temperate-adapted cultivars (like ' Dea ') have been generally reported to be almost totally insensitive to photoperiod (Bonhomme, Derieux and Edmeades, 1994) , a side experiment was conducted to verify that the results were not idiosyncratic to these thermal and photoperiodic conditions-similar series of plants were sown in mid-May (normal date of sowing in the area), mid-July and midAugust. Lastly, a few comparative observations of leaf morphology in plants grown in dense stands were performed in neighbouring (irrigated) ' Dea ' corn fields (described in Moulia et al., 1999) .
Morphological obser ations and measurements
Morphological observations were carried out at five different growth stages ; they consisted of drawings and dissections. This information was synthesized in standardized stick and plan diagrams representing the standard individual (for more details on the method, see Bell, 1991) . Particular attention was paid to the morphological descriptors listed in Table 1 . More detailed morphometrical measurements were performed in a sub-sample of five plants. The final length of the internodes, leaves and inflorescences were recorded for each axis. The leaves were numbered according to their rank in the sequence of generation by the apex of the shoot, the coleoptile or the prophyll being given rank number 0. For practical convenience, the subtending internode and the axillary meristem at the leaf node were given the same identification number as the leaf [note, however, that Poethig (1994) has shown that this usual numbering convention does not reflect the clonal relationships of cells within the phytomer].
Kinetic description of branch de elopment
The vegetative development of each axis was measured every 3 d by recording the number of leaves visible to the tip (NLT) and to the collar (NLC), according to the V stage system (Ledent, Henkart and Jacobs, 1990 ; Ritchie et al., 1993) . The topographical relationships between axes were also recorded using the standard nomenclature designed for grass plants (Bell, 1991) . To avoid confusion, we used the term axis rather than main stem, branches or tillers. The topological ordering of axes was centrifugal, with the seminal stem being the axis of order one, bearing axillary axes of order two, and so on. The emergence of an axis was recorded when the tip of its prophyll was outgrowing the enclosing sheath. The time of emergence of the inflorescence out of the whorl, that of flowering and the sexual type of the inflorescence were also recorded for each axis. Given the role played by temperature in development kinetics, the air temperature at 1n5 m was recorded continuously by an automatic meterological device nearby the experiment field. Daily mean temperature above 6 mC (the growth threshold for leaf production in this cultivar ; Soontornchainaksaeng, 1995) were cumulated from day 1 after sowing, as a standard for calculating the growing degree days (GDD) or thermal time.
Architectural analysis
This method of analysing the architectural development of plants was originally developed by Halle! and Oldemann (Halle! et al., 1978) , for a wide range of species (mostly T  1. List of morphological descriptors used as a guideline in architectural studies (modified from Edelin et al., 1995) Process Descriptor Edelin et al. (1996) and can be briefly summarized as follows. The first step of the analysis is to categorize the axes from the clustering of the morphological characteristics detailed in Table 1 , in an attempt to distinguish different types of axes. The major functions of these axes are also specified qualitatively (i.e. support, photosynthesis, reserve, reproduction). The second step focuses on the sequence of plant construction and axes differentiation : topographical order of the axes in the branched structure, sequence of emergence of the axes and main phenological events are recorded. In the third step, possible dependencies of the morphogenetic differentiation of the axes on the state of development of the parent plant (morphogenetic correlation) are inferred. Accordingly, a morphogenetical hierarchy is defined between the types of axes. The integrated hierarchical architecture including all the types of axes (disregarding the variability in the number of occurrences of each type from plant to plant) has been called the ' architectural unit ' of the species by Edelin (see Bell, 1991 ; Edelin et al., 1996 for more details). From a functional point of view, the completion of the architectural unit by a plant allows it to perform all its functions. Plants of most species are able to repeat (totally or partially) the process of building their architectural unit. This repetition process is called ' reiteration ' (Bell, 1991 ; Edelin et al., 1996) . Thus, reiterative branching can only be studied once the architectural unit is established.
Domain of values\unit
Kinetic analysis of branching
This standard approach to branching in crop physiology is described precisely in the literature (e.g. Klepper et al., 1982 ; Masle, 1984 , Varlet-Grancher et al., 1996 . To summarize, the problem is how to characterize the overall branching kinetics using the simplest set of parameters.
As the organogenesis of an axillary bud follows that of the corresponding leaf, the primary process determining the number of potential sites of axillary axes is leaf production by the terminal apex of the parent shoot. A simple characterization of this process is the changes in NLT (or NLC) with GDD. This relationship is usually fairly linear and its slope, the rate of leaf production, is the inverse of the phyllochron (Pt) (Tolenaar, Daynard and Hunter, 1979) . In determinate axes, a second parameter is the time at which leaf production stops, which is usually specified by the final number of leaves of the shoot (FNL). Given the production kinetics of phytomers by a shoot, the occurrence of branching is then characterized by the lag (in phyllochrons) between the emergence of a leaf, and that of its axillary branch (LLB). LLB has been found to be fairly steady along development in tillering grasses, indicating that the delay between the emergence of the successive branches is approximately one phyllochron (Varlet-Grancher et al., 1996) . Thus, once the three parameters, Pt, FNL and LLB are known for each axis, the kinetics of maximal branching is specified. Additionally, as the number of leaves (NLT) is a reliable developmental index (Stevens et al., 1986) , it can be used to estimate the timing of other major phenological events (e.g. in the maize main shoot, inflorescence transition of the apex occurs around the stage NLT $ FNL\2; Tolenaar and Hunter, 1983 ; Ledent et al., 1990) . Therefore, the spatio-temporal occurrence of these events within the overall developmental sequence of vegetative architectural development can be estimated. In maize, both the kinetics of NLT as a function of GDD and FNL have been reported for the main shoot, and turned out to be primarily genotypedependent in most temperate-adapted cultivars (Bonhomme et al., 1994) . However, similar results for branches have not been reported before, nor have data concerning LBB. Lastly it should be noted that this description only applies to acropetal, basitonic branching (as found in the grass species studied so far). For more complex patterns, it would have to be extended using additional parameters.
Statistical analysis
Linear regressions and analyses of slopes homogeneity were performed using the GLM procedure of SAS software (SAS, 1988) .
RESULTS AND DISCUSSION
O erall branching
Under the experimental growth conditions, plants systematically displayed a conspicuous branching ( Fig. 1) , with a final number of axes per plant of up to 21. After flowering, the overall habit of the plant was caespitose, which was very unexpected for a modern maize (Fig. 2) ; in fact it seemed amazingly similar to one of the oldest botanical drawings of a maize plant, made by Fuchs in 1542 (reproduction in Gay, 1985) . On the main shoot, all the axillary buds from node 2 to the node bearing the branch of the main ear (node 10 or 11) eventually developed a secondary axis. In the majority of cases, these second order axes also developed third order branches (regardless of their position along their parent axis), which bore fourth order buds. 
Types of axes
Morphological analysis of axes revealed two types of axes (Fig. 3) , as expected (Moulia et al., 1999) . The main axis, A1, was monopodial, orthotropic, with a distichous phyllotaxy. It presented a determinate development with a terminal male inflorescence (tassel). The proximal internodes bore adventitious roots. The morphology of the internode changed depending on position along the axis, becoming increasingly slender and culminating in a particularly long internode under the tassel (Fig. 4 A) .
A2 axes differed from A1 in that : (1) they were short branches ( Fig. 4 B) ; (2) their terminal inflorescences were female ; (3) they bore no roots ; and (4) their internodes had a much smaller length : diameter ratio, with the length distribution displaying a skewed bell shape, and a very short inflorescence internode (Fig. 4 B) . In these experimental conditions, the nodes bore leaves that displayed a typical vegetative morphology (rather similar to A1 vegetative leaves). They had a conspicuous lamina (up to 50 cm long) and normal axillary buds at the most basal nodes, that produced third order A2 axes (A2h) (i.e. the same as buds in the axils of upper leaves of the A1 axis). Observations in ' Dea ' corn fields revealed that even in dense stand conditions, a minute but clear clade was present (Moulia et al., 1999). Thus, A2 leaves in dense stands only differ from typical vegetative leaves in the amount of elongation growth of the lamina. This observation contrasts with numerous previous reports in the literature (e.g. Ritchie et al., 1993 , amongst many others) in which the leaves of the ' ear shoot ' axes (named with a particular term, the husks) were described as highly modified in typical maize, being reduced to a sheath (lamina suppression), and often assumed to be spathes (large bracts). We found no suppression of the lamina, as assumed in the sheath homology, and the lamina displayed conspicuous growth in isolated plants (note that the A2 lamina can also be completely functional according to Sato et al., 1997) . The blade reduction, observed in dense stands only, might be due to the combination of shading and a strong competing ear sink during growth (although the trophic dependence of husk growth is not yet established ; Sato et al., 1997) . Therefore husks are not homologues of leaf sheaths, nor of spathes (large bracts), but real complete vegetative leaves of a differentiated axis of A2 type. The A2 axes have thus to be considered as complete, though differentiated, vegetative axes. The idea that the ' ear shoot ' is a real vegetative axis was first proposed by morphologists (e.g. Burtt-Davy, 1914 ; Montgomery, 1920) and recalled recently (e.g. Lejeune and Bernier, 1996) . However, in recent crop physiological literature, the inaccurate terms ' lateral inflorescence ' or even the ' rachis of the ear ' are still often used for the A2 axes.
Architectural unit and reiteration
Our detailed morphological and morphometrical analysis mostly confirmed previous, more qualitative arguments by Moulia et al. (1999) . The architectural unit of maize is built of a leading A1 bearing differentiated A2 axes (Fig. 3) . Together, they achieve all the functions of the plant, although, as noted long ago (e.g. Weatherwax, 1955) , the way seed dispersal could be realized is not obvious. Under our experimental conditions, the A2 axis bearing the main ear systematically bent downward at the end of ear Rates of leaf production (NLC) : 0n0203p0n0004 for A1 and A1h, 0n032p0n009 for the topmost A2 at the axil of leaf 10. The results for NLT 0n0275p0n002 for A1 and A1h s. 0n07p0n01 for the topmost A2 are not easily compared due to differences in whorl geometry.
development, and its tip (which pointed out from the husks) finally reached the ground ; however, this is unlikely to be a significant ' planting ' mechanism (no germination was observed). In our study, this architectural unit was not unique. During development, long orthotropic axes with a male tassel sprouted from the two or three most basal nodes, bearing short lateral axes with a female terminal spike. These units (usually called tillers) were thus the result of a basal reiteration (Halle! et al., 1978 ; Edelin et al., 1996) , through which the plant duplicated its architectural units. Note that these reiterates (which will be noted A1h) were eventually slightly taller than the main shoot (Fig. 2) . Figure 5 plots NLC s. GDD in A1 and A1h axes (Fig.  5 A) and in typical A2 axes (Fig. 5 B) . Linear analysis of slope homogeneity was performed using the model NLC l f (GDD, axil number, GDDiaxil number) (GLM procedure ; SAS, 1988). In A1 type axes (i.e. A1 and A1h), the linear fit was significant (P 0n0001, r# l 0n935), with no significant differences in slopes between positions along the parent shoot (P 0n2). Moreover, residuals displayed no particular trend, so that leaf production was steady. Thus A1 and A1h axes had the same rate of leaf production of 0n0203p0n0004 for NLC, and 0n0275p0n0002 for NLT (i.e. phyllochrons Pt of 36 GDD for leaf tips and 49n3 GDD for leaf collars). These results are fairly consistent with published reports on the main axis (Fournier and Andrieu, 1998) . The situation was more complex with A2 axes. There was a statistically significant effect of the position of the axis along the parent shoot (axis rank number) on the rate of leaf emergence (P 0n001). However, as we reduced the frequency of observation too early in the experiment, the resolution of the statistical analysis was lower than for the A1 type (r# l 0n50 only for the global linear model). This result should therefore be treated with caution and requires further investigation. Nonetheless, it is in agreement with the few reports on leaf primordia production and plastochrons in A2 (Jacobs and Pearson, 1992) , and is consistent with the morphogenetical correlations that have been demonstrated between the successive A2 axes (Ruget and Duburcq, 1983 ; Pinthus and Belcher, 1994) . Regardless of the position, the rate of leaf production was higher in A2 than in A1, with a difference of up to j58 % on NLC rate for the topmost A2 (Fig. 5 B) . Thus the two types of axes had different rates of development, but it is not clear whether this is due to their type of differentiation, or the time of outgrowth (or position) on the parent shoot. Figure 6 shows the final number of leaves (FNL) of each type of axis (for second order axes only) as a function of their rank number along the parent shoot. On the whole, the distribution of FNL along the parent shoot was clearly bimodal, with typical A1 and A2 axes corresponding to the two modes of the distribution (note that some topmost A2 sometimes produced more nodes than the main shoot). The relation of such a pattern with axis type was thus less obvious than for phyllochrons, and resulted from processes which are difficult to infer at this point. However, it demonstrated that the FNL for a maize axis was not only genotype-dependent, and was altered during architectural development. It also contrasted with the model of a constant phytomeric distance from the inflorescence to the plant [suggested for maize by Burtt-Davy (1914) , and emphasized by Sachs (1991) as a rather general model for monopodial herbs]. Finally, these results could not be explained by a simultaneous transition to inflorescence in all the axes. Figure 7 shows the kinetics of emergence of second order axes. Two successive sequences of branching could be distinguished. The first sequence corresponded to a basal branching, following the aging of the phytomers produced by the apex of the main shoot. It was thus both acropetal and basitonic, corresponding to the sequential emergence of the basal A1h reiterated axes. The stage of the main shoot at the time of the first branch outgrowth was five adult leaves (NLC l 4n8), corresponding to a NLT of 9, and a LLB of 7. The production of basal branches was thus more delayed in maize than in other grass species (Masle, 1984) , including large C % grasses (Soontornchainaksaeng, 1995) . It started close to the time of the transition of the A1 apex in the inflorescence. However, after the emergence of the first A1h at the axil of leaf 2, the emergence of the following axes (at the axil of leaves 3 and 4) was fairly consistent with a standard tillering model based on a delay of one phyllochron between the emergence of the successive branches (Fig. 7) . The basal reiterative branching in maize was thus consistent with models designed for tillering in other grass species.
Kinetics of axis de elopment
Kinetics of branching
The second sequence started at the node which was to bear the major ear shoot (typically node 10). From that point, it was basipetal and ' acrotonic '. However, the emergence of this second set of axes was much more clustered in time, and the intervals between successive emergences could not be statistically distinguished from zero. All these axes were A2 axes. The first A2 axis emerged when the A1 axis had between ten and 12 adult leaves (NLC l 11n3p0n8), whereas it was located in most cases at node 10. This demonstrated that topmost A2 axes started their rapid growth much sooner after primordial inception than A1h axes, although the development of both axis types was immediate, in the botanical sense of the term (sylleptic branching, all axillary meristems develop without a quiescent stage ; Sharman, 1942) . The A2 differentiation of axillary buds thus speeded their development and the onset of the growth required for emergence.
These results concerning A2 emergence are consistent with previous reports of early development in ear shoot apices (Sato and Sasaki, 1987 ; Baba and Yamazaki, 1996 ; Lejeune and Bernier, 1996) . It has been shown that the differentiation and the active growth of the A2 axes follow the inflorescence development at the apex of the main shoot, which itself is a correlative consequence of the development of the vegetative shoot (Irish and Jegla, 1997) . Thus the differentiation of the A2 axis is likely to be the consequence of a major change in the internal state of the parent A1. In other words (using vocabulary of the architectural analysis), the A2 differentiation is controlled by its A1 parent shoot, which is dominant. This has been called a ' hierarchical organization ' and it has been found in many species as the basis of the development of the architectural unit (Edelin, 1991 ; Edelin et al., 1996) . Maize is no exception, and the kinetics of second order branching is thus consistent with the results of the architectural analysis. Note, however, that the exact mechanisms triggering the fate of axillary buds to that of A2 differentiation and their elongation growth remain to be elucidated completely.
Lastly, Fig. 7 shows that the secondary axes located at intermediate positions display a high variability in their time of emergence.
Morphological analysis of intermediate axes
The morphological study of the axes at intermediate positions provided further information on A1h s. A2 differentiation. A particularly interesting case was that of secondary axes at node 4 (noted T4). In our experiment, 55 % of the plants produced an axis at node 4, and all but one of these shared morphological characteristics with both A1 and A2 axes (Fig. 8) . The basal part of these T4 axes was clearly identical to A1, and Fig. 7 demonstrates that the T4 belonged to the first sequence of branching. However, their inflorescences were composed of male and female florets. Moreover, there was a clear morphological change of the topmost internodes towards the A2 type. They were much shorter than their A1h counterparts (compare Figs 4 and 9), and a somewhat contorted shape (Fig. 8) . The overall physiognomy of these axes was very reminiscent of that of the main shoots of feminizing mutants, in particular tassel seed 3 (Ts3 ; Nickerson and Dale, 1955, plate 24 .1) and terminal ear (te ; Matthews et al., 1974, plate 2) . Our environmental conditions were unlikely to induce sex reversal, which has been shown (in A1 axes) to be due to short days, low night temperature (Heslop-Harrison, 1961) , or low light intensities (Rood and Pharis, 1980) . Moreover, plants with mixed A1h-A2 axes occurred with similar frequencies on the other sowing dates (data not shown) and were thus not accidental. A1h-A2 mixed axes thus resulted from a systematic ontogenetic process in an ecophysiologically normal environment, in which axes that were originally developing as A1h were later modified towards the A2 phenotype. Similar ' androgynous inflorescences in middling tillers ' have also been reported by Sato and Sasaki (1987) , but on an old tillering cultivar. However, inflorescence feminization of T4 varied considerably between plants in our trial, ranging from a small area of female florets in the median part of the central spike of the tassel to an almost totally feminized inflorescence with a reduced number of branches. Observations also revealed that the more numerous the female florets, the higher the number of modified internodes. This was consistent with the relationship between internode and tassel morphology reported by Nickerson and Dale (1955) in feminizing mutants, although they only considered the length of the peduncle. To investigate further the possible time relationship between the alteration of internode morphology, the determination of female florets and the development of the parent shoot A1, we considered the general hypothesis that proximal-distal patterns are the imprinted result of a time succession of phases experienced by the axis during its development (Galinat, 1988 ; Poethig, 1990 ; Freeling, Bertrand-Garcia and Sinha, 1992) . In our case, this would mean that T4 had successively experienced A1h and A2 phases of plant development, the phase change being driven by the development of the main shoot A1. To assess the kinetical consequences of this phasic scheme, we assumed that the similarity in phyllochrons of the basal part of T4 to A1 axes reflected a steady pattern of development in A1, A1h and the basal part of T4 i.e. : (1) a constant lag between leaf and axillary bud initiation in A1 ; and (2) the same plastochron and same lag between leaf and internode initiation between A1h and A1. Using data from the literature on the kinetics of organogenesis (Sharman, 1942 ; Stevens et al., 1986 ; Freeling and Walbot, 1994 ; Baba and Yamazaki, 1996 ; Lejeune and Bernier, 1996) we were able to predict that the initiation of the A2 phytomers on T4 should have started when the main shoot apex (A1) was at an age ranging between 18-21 plastochrons. At that time, the A1 apex should have already performed its transition to inflorescence and be about to start floral differentiation (Gay and Menetrier, 1978) . The onset of A2 differentiation might thus be correlated with the onset of floral differ-T  2. Number of barren nodes (NBN ) for first and second order axes 
Min-Max NBN
Main axis (A1) -5n29p0n72 4-6 T2 (A1h) 2 5 n29p0n49 5-6 T3 (A1h) 3 6 n56p0n72 5-8 T4 (A1h-A2) 4 7n50p0n76 7-9 T10 (A2) 10 10n33p2n08 8-12
The NBN of an axis is the number of nodes between the node bearing the topmost axillary A2, or A2 bud, and the terminal inflorescence. entiation in the A1, which has been shown to be another major physio-developmental transition of the tassel, corresponding to the determination of the reproductive fate of the inflorescence (Irish and Nelson, 1991) . However, this is not sufficient to be conclusive. The previous calculations (and the overall phasic scheme) are implicitly based on the assumption that determination of phytomer morphology is achieved at the primordial stage, a fact that is not documented in literature. Another argument against the phasic scheme is the fact that T3, which should be one plastochron older than T4, never displayed a modified vegetative internode or inflorescence part in our sample of plants (note, however, two plants in the May sowing displaying two successive mixed axes). Without direct knowledge of the kinetics of organogenesis, morphogenesis and growth of normal and modified internodes, it was thus not possible to further assess the origin of the mixed morphology from our data. For instance, the possibility that the internode phenotype was a consequence of the feminized floral development could not be ruled out, as the major growth of these internodes should have occurred long after conspicuous inflorescence development (Sharman, 1942) . Despite this inconclusive assessment of the precise timing of A2 differentiation, our data demonstrated that there was, at the scale of the global architectural development, a ' steeply graded ' change in the morphological differentiation of lateral axes during the development of the T4 axis.
De elopmental fate of higher order buds
Regardless of their type, the second order axes only bore A2-type lateral axes (Figs 2 and 3) . No reiteration was observed on A1h, regardless of the sowing date (i.e. no A1d). For this reason, we were not able to estimate the third kinetic parameter related to basal branching (LBB) in second order axes. However, a related parameter could be estimated from the final dissections : the number of nodes lacking axillary buds on the top of the stem. Lejeune and Bernier (1996) found that the production of leaf primordia at the A1 apex and the inception of axillary meristems occur at the same rate. There is thus a constant lag between leaf and axillary meristem inceptions which is finally reflected by the number of ' barren ' nodes (NBN) on the stalk after tasseling. They also showed that, on A1, this parameter is mostly genotype-dependent. The NBN values for A1, A1h and A2 axes in our experiment are shown in Table 2 ; they vary greatly between axes showing that the lag for axillary bud inception was not only genotype-dependent. There was, however, no clear relationship with the morphological type of the axis. Instead, on second order axes (A1h and A2), NBN increased with rank number on the parent axis.
The suppression of basal reiteration (i.e. no third order reiterates A1d), could be a consequence of the change in intra-tussock light microclimate, inhibiting the outgrowth of basal reiterated axes through shading or lateral photomorphogenetic signalling (Ballare et al., 1994) . This is consistent with the suppression of reiteration in the main shoot under the influence of neighbouring shoots in stands, even at relatively low plant density (Moulia et al., 1999) . The final morphology of third order A2 axes was also typical of that found in a dense canopy i.e. fewer A2 axes (one or two), minuscule laminae, compact husk pattern, very short internodes and smaller ears.
However, dissection of the plants showed that every existing bud (third and fourth order) was transformed into minute A2 axes with terminal ears. The longer lag for bud initiation in secondary branches could be because the onset of the global A2 feminizing phase had reached more basal buds in the A1h reiterates than in the main shoot, and thus could be responsible for the suppression of reiteration. Unfortunately, we could not locate the two or three more basal buds in the A1h shoots-they were squashed by prop roots during their growth (as is also the case in the main shoot), and our data are thus inconclusive. However, two additional arguments favouring the hypothesis of an endogenous origin of the suppression of basal third order reiteration can be cited. First, this suppression can apparently also be observed in teosinte", despite a much higher basal tillering in stand conditions. From published descriptions, third order axes in teosinte are apparently only ears (Doebley, 1994) . A second argument was suggested to us by an exploratory experiment conducted by Moulia and Chartier (unpubl. res.) , in which an initially dense maize canopy was thinned to isolate plants after the transition to inflorescence development in the apex of the main axes A1 (and thus after the normal onset of the reiterative process). None of these plants showed A1h reiterates ; most produced only typical prolific A2 axes (during the second sequence of branching). Interestingly, two of the 15 plants also produced late axes at the axil of leaves 3 or 4, with typical A2 morphology suggesting that the A2 differentiation could be spreading to late buds (also including third order buds), halting the immediate reiteration process. However, to be conclusive this experiment would have to be repeated in a more controlled way (especially regulating water supply), and dissections at various stages would have to be performed for each treatment. Finally, it should be noted that the two " Teosintes are close relatives of maize that are found mainly in Mexico. It is largely admitted that an annual teosinte is the probable wild progenitor of maize. Its taxonomic specification has varied a lot with time. In Doebley et al. (1997) it is described as Zea mays sp. par iglumis, that is, a different subspecies of Zea mays. Indeed, it has been proposed that as few as five major genes control the morphological differences between maize and teosinte (largely pleiotropic, however).
hypotheses are not exclusive ; the lag for bud inception might be under photomorphogenetic control and thus dependent on leaf area density (as found in other grass species ; Varlet-Grancher, Gautier and Lemaire, 1997) ; as a consequence, the LBB would be increased in A1h compared to A1 and the basal buds could be reached by the signal inducing A2 differentiation before significant A1d development.
CONCLUSIONS
In general terms, this study demonstrated that architectural and kinetic analyses of branch construction are suitable and complementary tools by which to analyse architectural development in maize, and can give new perspectives, even to such an intensively studied species.
The most significant result of this study is to stress that, in a favourable environment and in the absence of neighbouring plants, even a modern elite maize variety displays a large amount of branching (at least down to the third order), including what is usually called basal tillering and ear shoot prolificacy. Contrary to the usual belief, artificial selection of this elite cultivar did not result in a de no o internal repression of basal reiteration (Evans and Burton, 1997) and ear shoot prolificacy, but instead resulted in an increase in the general ecophysiological response of branching to plant density (and probably other environmental variables, in particular water stress). If this can be generalized to other genotypes, a rather different perspective on the genetic control of branching and differentiation in maize (tillering and prolificacy) emerges, with consequences for evolutionary studies (Itlis, 1983 ; Doebley et al., 1997) and maize breeding (e.g. Motto and Moll, 1983) .
Concerning basal reiterative branching, a key point might be the long delay needed for the development and outgrowth of the first A1h reiteration (compared to other grasses), thus enhancing the photomorphogenetic signal reflected by neighbouring shoots (Ballare et al., 1994) or any other regulation of tillering by early neighbour sensing. The evolution of maize towards the suppression of basal branching may thus be the result of heterochrony between : (1) bud inception and growth ; (2) leaf emergence and growth, inducing increased plastic regulations. Alternative hypotheses involving source-sink competition are, however, equally arguable, so it is speculative to pursue this argument further. However, it would be interesting to test our hypothesis using a wide range of maize and teosinte genotypes (e.g. Doebley et al., 1997) .
Considering now comparative architectural aspects, the architecture of maize is rather complex for a grass. It displays two types of axes, a biphasic and bipolar sequence of the branching, and a bimodal pattern of the final number of leaves. This study highlights the mixed A1h-A2 axes as an interesting phenomena for the understanding of axis differentiation in maize (as suggested by Gould, 1984 , for inflorescences). There are a few marginal reports of mixed inflorescence found especially in tillers (A1h) in the literature (e.g. Burtt-Davy, 1914 ; Gould, 1984 ; Coe, Neutter and Hoisington, 1988 ; Sheridan, 1988 ; Irish, 1996) . Mixed inflorescences in maize were also mentioned as the result of apex excision (Messaien, 1963) and in heterochronic mutants (Poethig, 1988) . However, the systematic developmental position of the mixed axes between the A1h and the A2 branching in ' normal ' plants, has only been reported once to our knowledge, in an old tillering cultivar (Sato and Sasaki, 1987) . Our study shows that all the three types of secondary axis can be easily obtained, in the same individual, in definite developmental positions, even in a modern variety. Thus this phenomenon is not limited to old cultivars or to abnormal environmental conditions. Interestingly, mixed axes have also been mentioned (very briefly) in some teosintes (Doebley, 1994) . More detailed investigations of this gradient of secondary axis differentiation, taking into account studies on the developmental physiology of A1 or A2 axes (e.g. Messaien, 1963 ; Irish and Nelson, 1991 ; Baba and Yamazaki 1996 ; Irish, 1996 ; Irish and Jegla, 1997) , should be particularly interesting as A1h, mixed A1h\A2 and A2 secondary axes are real homologues with a graded fate.
More generally, the analysis of architectural development developed in this paper is not limited to maize. It should prove particularly interesting in crop species where breeding for a modified architectural development is a major goal (e.g. Holmes, 1994) . Our study already demonstrates the importance of assessing the regulation of architectural development by neighbour perception. Comparative architectural studies could also help to separate the common architectural processes and idiosyncrasies of maize, compared to grasses and other herbs. For example, limited evidence already indicates that the biphasic branching pattern may not be limited to maize (Moulia et al., 1999) .
Lastly, our approach to architectural development has also demonstrated some limits, just illustrated in the detailed analysis of the mixed A1h-A2 axis. The discussion of architectural development (in this paper as in others) is based mainly on morphological characteristics of the subelements of the phytomer (i.e. leaf, internode, bud) and on their changes from the base to the top of the mature shoot. We have favoured a temporal interpretation of these patterns, under the influence of the ' phasic ' model for maize morphogenesis designed by Poethig (1990) (see also Galinat, 1988 ; Freeling et al., 1992) . This phasic interpretation implicitly assumes a sequential development of phytomers. However, significant overlap exists between the growth of successive organs (Fournier and Andrieu, 1998) . Hence, without precise knowledge of : (1) the positional and temporal aspects of the fate of the phytomeric traits ; and (2) the global development of the plant, we are limited in our analysis of the ' body language ' of the plant (Sheridan, 1988) . Such a situation reminds us of the analysis of the growth zones in plant physiology. A clear kinematic formalism adapted from continuum mechanics (Silk, 1984) was required to allow the experimental study of the temporal s. spatial aspects of growth. In architectural development, the time and organizational scales are coarser. We believe that adapted formalisms, such as L systems (recently applied to maize development ; Fournier and Andrieu, 1998) , will be very useful in framing the next steps of developmental studies (as a complement to our approach), particularly in quantitatively testing hypothetical senarios s. experimental results.
